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R306nuclear-encoded proteins, as shown
for P. chromatophora, we must
abandon the paradigm that organelle
births are exceptionally rare in
eukaryote evolution.References
1. Fitzpatrick, D.A., Creevey, C.J., and
McInerney, J.O. (2006). Genome phylogenies
indicate a meaningful alpha-proteobacterial
phylogeny and support a grouping of the
mitochondria with the Rickettsiales. Mol. Biol.
Evol. 23, 74–85.
2. Archibald, J.M. (2009). The puzzle of plastid
evolution. Curr. Biol. 19, R81–R88.
3. Cavalier-Smith, T. (2003). Genomic reduction
and evolution of novel genetic membranes
and protein-targeting machinery in
eukaryote-eukaryote chimaeras (meta-algae).
Philos. Trans. R. Soc. Lond. B Biol. Sci. 358,
109–133.
4. Timmis, J.N., Ayliffe, M.A., Huang, C.Y., and
Martin, W. (2004). Endosymbiotic gene transfer:
organelle genomes forge eukaryotic
chromosomes. Nat. Rev. Genet. 5, 123–135.
5. Stiller, J.W. (2007). Plastid endosymbiosis,
genome evolution and the origin of green
plants. Trends Plant Sci. 12, 391–396.
6. Nowack, E.C., and Grossman, A.R. (2012).
Trafficking of protein into the recently
established photosynthetic organelles of
Paulinella chromatophora. Proc. Natl. Acad.
Sci. USA 109, 5340–5345.7. Mackiewicz, P., and Bodył, A. (2010). A
hypothesis for import of the nuclear-encoded
PsaE protein of Paulinella chromatophora
(Cercozoa Rhizaria) into its cyanobacterial
endosymbionts/plastids via the endomembrane
system. J. Phycol. 46, 847–859.
8. Nowack, E.C., Vogel, H., Groth, M.,
Grossman, A.R., Melkonian, M., and
Glo¨ckner, G. (2011). Endosymbiotic gene
transfer and transcriptional regulation of
transferred genes in Paulinella chromatophora.
Mol. Biol. Evol. 28, 407–422.
9. Li, H.M., and Chiu, C.C. (2010). Protein
transport into chloroplasts. Annu. Rev. Plant.
Biol. 61, 157–180.
10. Mackiewicz, P., Bodył, A., and Gagat, P. (2012).
Possible import routes of proteins into the
cyanobacterial endosymbionts/plastids of
Paulinella chromatophora. Theory Biosci.,
in press.
11. Bhattacharya, D., Archibald, J.M., Weber, A.P.,
and Reyes-Prieto, A. (2007). How do
endosymbionts become organelles?
Understanding early events in plastid evolution.
Bioessays 29, 1239–1246.
12. Bodył, A., Mackiewicz, P., and Stiller, J.W. (2009).
Early steps in plastid evolution: current ideas and
controversies. Bioessays 31, 1219–1232.
13. Van de Velde, W., Zehirov, G., Szatmari, A.,
Debreczeny, M., Ishihara, H., Kevei, Z.,
Farkas, A., Mikulass, K., Nagy, A., Tiricz, H.,
et al. (2010). Plant peptides govern terminal
differentiation of bacteria in symbiosis. Science
327, 1122–1126.
14. Nikoh, N., McCutcheon, J.P., Kudo, T.,
Miyagishima, S.Y., Moran, N.A., andNakabachi, A. (2010). Bacterial genes in the
aphid genome: absence of functional gene
transfer from Buchnera to its host. PLoS Genet.
6, e1000827.
15. Keeling, P.J. (2011). Endosymbiosis: bacteria
sharing the load. Curr. Biol. 21, R623–R624.
16. McCutcheon, J.P., and Moran, N.A. (2011).
Extreme genome reduction in symbiotic
bacteria. Nat. Rev. Microbiol. 10, 13–26.
17. Cavalier-Smith,T. (2009).Predationandeukaryote
cell origins: a coevolutionary perspective. Int. J.
Biochem. Cell Biol. 41, 307–322.
18. Lane, N., and Martin, W. (2010). The energetics
of genome complexity. Nature 467, 929–934.
19. Hewitt, V., Alcock, F., and Lithgow, T. (2011).
Minor modifications and major adaptations: the
evolution of molecular machines driving
mitochondrial protein import. Biochim.
Biophys. Acta 1808, 947–954.
1Laboratory of Evolutionary Protistology,
Division of Invertebrate Biology, Evolution
and Conservation, Faculty of Biological
Sciences, University of Wrocław,
ul. Przybyszewskiego 63/77, 51-148
Wrocław, Poland. 2Department of Genomics,
Faculty of Biotechnology, University of
Wrocław, ul. Przybyszewskiego 63/77,
51-148 Wrocław, Poland.
*E-mail: bodyl@biol.uni.wroc.plDOI: 10.1016/j.cub.2012.03.020Brain Oscillations: Phase-Locked
EEG Alpha Controls PerceptionNew research suggests that auditory stimuli can reset human oscillatory
activity in visual cortex. This change in rhythmical brain activity leads to
modulation of visual perception.Paul Sauseng
When visual stimuli are presented very
briefly, we tend to consciously perceive
some of them and miss others.
Whether we perceive such stimuli or
not seems to be a matter of chance,
but could there be fluctuations in
perceptual threshold based on
spontaneous brain activation patterns
in the visual cortex? If this is the case,
how are these patterns influenced or
modulated by neural or environmental
events? In this issue of Current Biology,
Romei et al. [1] report that the
instantaneous phase of rhythmical
brain activity around 10 Hz— known as
alpha activity, 100 ms wavelength — in
the human primary visual cortex is
reset by brief auditory stimuli. This
was probed by delivering transcranial
magnetic stimulation (TMS) to the
primary visual cortex with different
latencies after auditory stimulation.
When the visual cortex is stimulatedwith TMS, single pulses, at a high
enough intensity, elicit action
potentials in V1 leading to the
perception of a light flash, known as
a phosphene. An increased likelihood
of perceiving a phosphene was
reported when a TMS pulse had been
delivered around 100 or 200 ms after
onset of a brief auditory stimulus.
Phosphene perception was thus
modulated at a timescale equal to two
periods of phase-locked alpha waves
(see Figure 1 for schematic results).
In a second experiment, Romei et al.
[1] combined electroencephalographic
(EEG) recordings with TMS to
investigate more directly the
association between auditory-evoked
alpha oscillations (alpha waves
time- and phase-locked to the brief
auditory stimuli) and phosphene
perception. Auditory stimuli not only
led to significant phase-locking of
alpha waves at recording sites over
the auditory cortex, but significantphase-locking was also observed over
visual cortex. The instantaneous phase
of parieto-occipital alpha oscillations
was significantly correlated to
phosphene perception for at least two
complete alpha periods (200 ms).
Furthermore, reactivity of visual alpha
amplitude to magnetic stimulation of
occipital cortex (amplitude decrease as
a marker of cortical excitability) was
modulated in the same cyclic way as
alpha waves evoked by auditory stimuli
(see Figure 1 for an illustration of main
findings). Cross-modal phase-resetting
of alpha oscillations has been reported
previously in monkeys [2], but Romei
et al. [1] demonstrate similar effects
of evoked alpha waves on visual
perceptual processing in humans.
These exciting results suggest that
stimulation of one sensory modality
can lead to a strictly timed activation
pattern in primary sensory cortex of
another modality. The strict timing is
possibly indicative of the temporal
structure of cross-modal processing
in the brain. Moreover, the new findings
of Romei et al. [1] have important
implications for the functional
interpretation of oscillatory alpha
activity. They provide evidence that
evoked alpha waves at brain areas not
associated with the primary sensory
processing of a stimulus, for example,
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Figure 1. Schematic illustration of main findings reported by Romei et al. [1].
Presentation of an auditory stimulus elicits evoked, phase-locked alpha activity in visual
cortex. Phase-locked alpha activity modulates reactivity (excitability) of the visual cortex
and TMS-induced phosphene perception.
Dispatch
R307the visual cortex in auditory
stimulation, are functionally relevant
and not just an epiphenomenon.
Klimesch and colleagues [3] suggested
that the instantaneous phase of alpha
activity at task-relevant brain areas is
important for the specific timing of
neural processes. This has been
convincingly shown by Haegens et al.
[4], who demonstrated that single cell
firing patterns were modulated by
alpha oscillations. However, increased
alpha activity in brain areas not directly
involved in information processing is
considered to reflect inhibition of
task-irrelevant brain areas [3]. Indeed,
there is a classical view stating that
alpha activity is associated with
center-surround inhibition. For
example, if a movement is performed,
decreased excitatory alpha amplitude
can be observed over sensorimotor
areas with increased inhibitory alpha
amplitude observed over occipital
sites. In the case of processing of visual
material, one might find exactly the
opposite pattern [5]. The results of
Romei et al. [1], however, suggest that
alpha phase-dependent neural timing
processes can also be observed over
seemingly task-irrelevant brain areas
and not only over task-relevant cortical
regions.
So where does this leave our
understanding of the functional
meaning of alpha oscillations in
humans? Is alpha activity not reflecting
inhibition of cortical processing at all?
Does alpha phase control neural
processing on a millisecond scale
independently of whether a brain area
is relevant or irrelevant to the task?
Visually evoked potentials recorded
from posterior sites in the human EEG
typically show a positive deflection
around 100 ms after onset of a visual
stimulus. This so-called ‘P1
component’ has recently been
associated with evoked alpha activity
and inhibitory mechanisms [6]. The
results presented by Romei et al. [1],
however, suggest that visual
perceptional threshold is decreased
around 100 ms after stimulus onset,
arguing for increased cortical
excitability in the time window in which
the P1 component can be found. Does
this mean that the P1 component of
visual evoked potentials does not
reflect inhibitory processes? When
addressing this question, we have to
bear in mind that Romei et al. [1] used
auditory stimuli to evoke alpha
oscillations in visual cortex. Therefore,these fluctuations of excitability in
visual areas are not directly
comparable with brain potentials
evoked by visual stimuli, and the
effective time window in Romei
et al.’s [1] study does not directly
map onto the P1 time window of
visually evoked potentials.
Instead of evoked alpha waves in
visual areas being associated with
primary processing of a visual stimulus,
in the work of Romei et al. [1] it seems
as if evoked alpha would reflect
anticipatory processing, phase- and
time-locked to presentation of an
auditory stimulus. In most trials, the
auditory stimulus was followed by
a TMS pulse over the visual cortex,
partly eliciting perception of
a phosphene. The subject’s task was
to report perception of these
phosphenes. Therefore, the auditory
stimulus most likely acted as a kind of
warning signal, priming activity in visual
cortex for the perceptual task. In this
context, it is notable that the effects
reported by Romei et al. [1] were
prominently found in a slower alpha
frequency band, a frequency range
classically associated with anticipation
of task-relevant stimuli [7,8].
Anticipatory processes usually result in
a reduction of (slow) alpha amplitude
instead of increased alpha activity, but
this is observed for non-phase-locked
alpha activity. However, Romei et al. [1]report effects of evoked alpha waves.
Freunberger and collaborators [9]
demonstrated that evoked and induced
(non-phase-locked) oscillatory activity
in the alpha frequency range can reflect
differential mechanisms. Taking this
previous research on the functional
meaning of alpha activity into account,
the new findings of Romei et al. [1]
suggest that rhythmical cortical activity
around 10 Hz over seemingly
task-irrelevant brain areas can fulfill
inhibitory as well as neural timing
functions similar to those previously
discussed for task-relevant brain areas
[3]: Spontaneous, non-phase-locked
alpha activity reduces cortical
excitability [10–12] on a rather large
temporal scale, whereas evoked
(phase-locked) alpha activity controls
neural activation with high temporal
precision [3,4,6], leading to control of
visual perception.References
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